Nanocrystalline titanium was produced by equal channel angular pressing (ECAP). It was found that during ECAP a texture evolved in the specimen in which the hexagonal "c" axis is perpendicular to the extrusion direction. The crystallite size distribution and the dislocation structure were determined by fitting ab-initio theoretical functions to the Fourier coefficients of the measured X-ray diffraction peak profiles. The peak profile analysis provided the median and the variance of the crystallite size distribution: m=38 nm and s=0.49, respectively. The dislocation slip system population was found to be 75% <a> type, 20% <c> type and 5% <c+a> type.
Introduction
Severe Plastic Deformation (SPD) techniques (e.g. equal channel angular pressing (ECA), high pressure torsion (HPT)) are effective methods to produce fully dense, bulk nanocrystalline materials [1] . The microstructure of the nanostructured materials can be investigated locally in the submicron size scale by transmission electron microscopy or in the millimeter scale by X-ray diffraction (XRD) profile analysis. X-ray diffraction line profiles are broadened due to small crystallite sizes and the lattice distortions. The two effects can be separated on the basis of the different diffraction order dependence of peak broadening. The standard methods of X-ray diffraction profile analysis based on the full widths at half maximum (FWHM), the integral breadths and the Fourier coefficients of the profiles provide the apparent crystallite size and the mean square strain [2] [3] [4] . The evaluation of the X-ray profiles is complicated by the anisotropic strain broadening of the diffraction lines. This means that neither the full width at half maximum nor the integral breadth nor the Fourier coefficients of the profiles are monotonous functions of the diffraction vector [5] [6] . It has been shown recently that the strain anisotropy can be well accounted for by the dislocation model of the mean square strain by introducing the contrast factors of dislocations [7] [8] [9] [10] [11] . Since the values of the dislocation contrast factors depend on the dislocation slip systems present in the crystal, the evaluation of X-ray profiles for the contrast factors enables the determination of the dislocation structure. An evaluation procedure of X-ray diffraction profiles was elaborated recently for the determination of crystallite size distribution and the dislocation structure in nanocrystalline materials [12] [13] . In this method the Fourier coefficients of the measured physical profiles are fitted by the Fourier coefficients of well established ab initio functions of size and strain peak profiles. In this paper the microstructure evolved in ECA pressed titanium sample (texture, crystallite size, size distribution, dislocation structure etc.) is studied by the recently developed XRD profile analysis method.
Evaluation of the X-ray diffraction profiles
According to the kinematical theory of X-ray diffraction, the Fourier transform of the physical diffraction profile is given as the product of the size and the distortion Fourier coefficients, A S and A D [3] . Assuming that in the crystal the lattice distortions are caused by dislocations [7] [8] [9] 
where L is the Fourier variable, B=pb 2 /2, b is the absolute value of the Burgers vector, r is the dislocation density, h~L/R e , R e is the effective outer cut-off radius of dislocations, g is the absolute value of the diffraction vector, C is the average dislocation contrast factor and f(h) is a function derived explicitely by Wilkens [9] . Instead of R e , it is physically more appropriate to use the parameter M= R e r defined by Wilkens as the dislocation arrangement parameter [9] . The value of M gives the strength of the dipole character of dislocations: the higher the value of M, the weaker the dipole character and the screening of the displacement fields of dislocations. It can been shown that for a hexagonal polycrystalline specimen C can be given in the following form [14] 
where x = (2l 2 )/(3a 2 g 2 ), a is the lattice parameter parallel to the hexagonal basal plane, l is the fourth index of reflection, q 1 and q 2 are parameters depending on the elastic constants and on the dislocation slip systems existing in the crystal. [14] . It was observed by many authors that in powder or bulk nanocrystalline specimens the crystallitesize distribution can be described by log-normal function [15] [16] [17] [18] . Assuming spherical crystallite shape with log-normal size distribution, the Fourier transform of the size profile can be given as:
where s is the variance and m is the median of the log-normal size distribution function and erfc is the complementary error function. The area-and the volume-weighted mean crystallite sizes are obtained from s and m as [19] <x> area =m exp(2.5 s 2 ),
<x> vol =m exp(3.5 s 2 ).
A numerical procedure has been worked out for fitting the Fourier transform of the experimental profiles by the product of the theoretical functions of size and strain Fourier transforms given in Eqs. 1 and 3 [12, 13] . The method has the following steps: i) the Fourier coefficients of the experimental profiles have been calculated by a non-equidistant sampling Fourier transformation, ii) the instrumental correction was carried out by the Stokes method [20] using Si standard (NBS 640), iii) the Fourier coefficients of the size and strain profiles were calculated by using Eqs. 1, 2 and 3, (iv) the corrected experimental and the calculated Fourier coefficients were compared by the least squares method. The procedure has six fitting parameters for hexagonal crystals: (i) m and (ii) s of the log-normal size distribution function, (iii) r and (iv) M in the strain profile and (v) q 1 and (vi) q 2 for the average dislocation contrast factors.
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Experimentals
A nanocrystalline titanium specimen was produced by severe plastic deformation. The deformation was carried out by pressing the sample through an ECAP die [1] , followed by cold rolling to a strain of 73%. Two sections, one parallel and one perpendicular to the extrusion axis were prepared. The diffractograms for the two sections were measured by a Philips X'pert diffractometer using Cu anode and pyrolitic graphite secondary monochromator.
Results and discussion
The X-ray diffractograms obtained from the sections parallel and perpendicular to the extrusion axis are shown in Fig.1.a and 1 .b, respectively. The difference between the relative intensities of the diffraction peaks in the two diffractograms reveals strong texture in the ECA pressed titanium sample. A qualitative texture analysis reveals that the hexagonal c axis is perpendicular to the extrusion direction. the overlapping peaks and the instrumental correction, the Fourier coefficients of the measured profiles were fitted by the ab-initio theoretical functions given in Section 2. The measured and the fitted Fourier coefficients for titanium sample are shown in Fig. 2 . The difference between the measured and the fitted values are also shown in the figure. The microstructural parameters obtained from the fitting are the followings: m=38±3 nm, s=0.49±0.05, r=0.86±0.08×10 15 m -2 , M=6.5±1.2, q 1 =-0.05±0.02 and q 2 =0.18±0.02. The area-and the volume-weighted mean crystallite sizes calculated from the values of m and s by using Eqs. 4 and 5 are 69 and 88 nm, respectively. The crystallite size distribution according to m and s values obtained from X-rays is plotted in Fig.3 . The area-and the volume-weighted mean sizes are also shown in the figure. It can be established that the severe plastic deformation of titanium resulted in nanocrystalline material. The q 1 and q 2 parameters of the contrast factors depend on the character of dislocations, and therefore enable the determination of the prevailing dislocation slip systems in the sample. The q 1 and q 2 values calculated for the dislocation slip systems conceivable in a hexagonal crystal are listed in Table 1 . The experimental q 1 and q 2 values for titanium do not match to any of the pairs of theoretical q 1 and q 2 calculated for different slip systems. This is the consequence of that more than one dislocation slip system is activated during deformation. The eleven dislocation slip systems in titanium can be classified into three groups based on their Burgers vectors; <a> type: basal edge, basal screw, prismatic edge 1, pyramidal edge 1; <c> type: prismatic edge 2, prismatic screw; <c+a> type: prismatic edge 3, pyramidal edge 2, pyramidal edge 3, pyramidal edge 4, pyramidal screw. Due to the linear superposition of the displacement fields of different dislocations, the measured value of Cb 2 , should equal the weighted average of the theoretical values of Cb 2 for the three groups of Burgers vectors. As a result of this calculation the following composition of dislocation slip systems was obtained: 75% <a> type, 20% <c> type and 5% <c+a> type. The dominance of <a> type Burgers vectors in titanium is in good agreement with previous TEM observations [21] . Materials Science Forum Vols. 414-415
Conclusions
The microstructure of nanocrystalline titanium produced by equal channel angular pressing (ECA) were studied by X-ray peak profile analysis. It was established that during deformation a texture evolved in which the hexagonal "c" axis is perpendicular to the extrusion direction. It was found that the severe plastic deformation resulted in the nanocrystalline state of the material. The dominant Burgers vector of dislocations observed in titanium is <a> type which correlates with previous TEM observations.
